ubiquitin-conjugating enzyme (E2). Transfer of ubiquitin from E2 to a specific substrate usually requires a ubiquiEukaryotic cell cycle research took a quantum leap fortin-ligase activity (E3). E3 activities are provided by diward approximately ten years ago when it was appreciverse and sometimes large and complex protein assemated that a conserved class of protein kinases propels blies. Substrate specificity is believed to be a major the cell through the periodic events of mitotic division.
function of E3 activities. Papers in this issue of Cell The actions of specific cyclin-dependent kinases (CDKs), (Feldman et al., 1997; Skowyra et al., 1997) report the so named for their requisite associated cyclin subunits, characterization of a three-subunit E3 complex required promote events such as DNA replication and chromofor degradation of Sic1 and other proteins that are phossome segregation by the mitotic spindle. The view of phorylated near the G1-S boundary. These papers demthe cell cycle as a series of CDK-activated events is onstrate that the F-box domain protein Cdc4 acts as only partially complete, however. We now understand the specificity-determining subunit of this E3 complex that cycle periodicity requires essential degradative proand that specificity can be altered by the replacement of cesses as well (reviewed in King et al., 1996) . Highly
Cdc4 with other F-box proteins. For essential M-phase specific proteolytic events initiate cell cycle transitions proteolytic events, an E3 activity is provided by the anaas well as eliminate cyclically acting proteins at stages phase-promoting complex (APC; a.k.a. the cyclosome), when they are no longer required and are possibly delea 20S complex consisting of approximately eight distinct terious.
subunits. APC-mediated proteolysis is required for both A role for proteolysis in cell cycle progression was entry into anaphase as well as a distinct later step, exit suggested by early observations of cycle-specific flucfrom M phase into G1 of the next cycle. The papers by tuations in the levels of cyclin proteins. Indeed, the in- Schwab et al. (1997) and Visintin et al. (1997) reveal ability to eliminate M-phase-promoting cyclins was that the APC may distinguish between different mitotic found to block exit from mitosis, demonstrating a resubstrates through the actions of Cdc20 and the related quirement for specific and temporally regulated proteolHct1/Cdh1. ysis. In more recent studies, additional proteolytically Regulated Proteolysis at the G1-S Transition controlled steps in the cell division program have been
In budding yeast, CDK complexes that promote S phase revealed. Some cell cycle transitions are negatively regare assembled during G1, but are maintained in an inaculated by specific inhibitors. These inhibitors must be tive state by the association of the CKI Sic1 (Schwob eliminated in a timely fashion. In budding yeast (Sacet al., 1994) . In contrast, CDK complexes containing G1 charomyces cerevisiae), the actions of S-phase-promotcyclins are immune to Sic1 inhibition. The only essential ing CDK complexes are inhibited by the cyclin kinase role for the yeast G1 CDKs is to promote the transition inhibitor (CKI) Sic1. Sic1 is degraded at the G1-S boundto S phase by the phosphorylation of Sic1 (Schneider, ary, triggering the initiation of DNA synthesis (Schwob et al., 1996; Skowyra et al., 1997; Tyers, 1996; Verma et et al., 1994) . In this same organism, degradation of the al., 1997). Phosphorylation of Sic1 at multiple positions anaphase inhibitor Pds1 is required for chromosome targets it for ubiquitin-mediated proteolysis. Mutant segregation, although the target of Pds1 inhibitory acforms of Sic1 that are missing multiple phosphoacceptor tion is not known (Cohen-Fix et al., 1996) . It is also sites are stabilized in vivo and block S-phase entry. apparent that regulated proteolysis eliminates compoTherefore, the first specific step in this proteolytic pathnents of the cyclically utilized DNA replication and segway is the marking of the substrate by phosphate adregation machinery. For example, proteolytic destrucdition. tion of the budding yeast spindle component Ase1 in
The experiments described by Feldman et al. and late M phase is required for proper spindle disassembly Skowyra et al. define in detail the mechanism by which (Juang et al., 1997). The identification of regulatory and phospho-Sic1 is recognized and ubiquitinated. Both pastructural proteins that are degraded within the cell cycle pers report technically sophisticated studies in which raises questions related to proteolytic specificity. How the entire pathway leading to ubiquitinated Sic1 was are proteolytic substrates selected? How is temporal reproduced in vitro using recombinant protein prepararegulation of specific degradative events achieved? Imtions. Phosphorylation of Sic1 was accomplished by portant insights regarding the specificity of two budding purified G1 CDK complexes, rendering Sic1 susceptible yeast cell cycle proteolytic mechanisms are provided to subsequent ubiquitin addition. Previous studies have by five recently published studies (Feldman et al., 1997;  implicated four gene products required for the ubiquitinSchwab et al. , 1997; Skowyra et al., 1997; Verma et al., mediated proteolysis of Sic1. The loss of function of 1997; Visintin et al., 1997) .
CDC34, CDC4, CDC53, or SKP1 results in stabilization Cell cycle proteins destined for elimination are tarof Sic1 and a similar phenotypic block to cell cycle geted to the degradative actions of the 26S proteasome progression at the entrance to S phase. The S-phase block of each mutant is suppressed by deletion of SIC1. by the covalent attachment of polyubiquitin chains for ubiquitin-mediated proteolysis. Findings reported by Skowyra et al. lend strong support for this hypothesis. Proteolysis of the G1 cyclins, which also occurs near the G1-S transition, requires Skp1 and another F-box protein Grr1. Grr1 shares no sequence similarity with Cdc4 outside of the F box. Remarkably, Skowyra et al. found that Grr1 associates with Cdc53 and Skp1 to form a complex (SCF Grr1 ) that binds phospho-Cln1 and -Cln2 (G1 cyclins), but not phospho-Sic1. The phospho-Cln proteins were only able to associate weakly with SCF Cdc4 . Target specificity of SCF-type E3s, therefore, is determined by the F-box-containing subunit. It is currently not . Of note is the recent finding that C. fied SCF, Cdc34 (E2), E1, and ATP were able to covaelegans SEL-10, a negative regulator of LIN-12/Notchlently attach ubiquitin to phospho-Sic1. mediated cell-cell signaling, contains an F-box domain An important finding reported in both papers is that and is able to bind LIN-12 and murine Notch4 (Hubbard the F-box protein Cdc4 is able to bind to phosphoet al., 1997). Sic1, but not unphosphorylated Sic1. Binding may be Regulated Proteolysis in Mitosis achieved by interaction with the C-terminal WD-repeat
Proteins that are specifically degraded during M phase domain of Cdc4. The interaction of Cdc4 with phosphoare recognized and ubiquitinated by a different mechaSic1 was enhanced by the addition of Skp1, which binds nism than the SCF mechanism described above. The to the N-terminal F-box region of Cdc4 (Bai et al., 1996) . M-phase proteolytic substrates possess a nine amino Therefore, Cdc4, assisted by Skp1, specifically recruits acid destruction box (D box) motif that targets them to phospho-Sic1 to the SCF. the E3 activity of the anaphase-promoting complex Taken together, these findings allow the complete (King et al., 1996) . The mechanism and regulation of this description of the proteolytic regulation of Sic1 activity recognition process have not yet been determined, and (Figure 1 ). Late in G1 phase, G1 CDK complexes become it is unclear whether phosphorylation of the substrate active and phosphorylate the Sic1 associated with or APC subunits is critical. A particular curiosity is that S-phase CDKs. The phospho-Sic1 is then removed APC function is required for entry into anaphase (hence, by SCF Cdc4 -mediated ubiquitination and subsequent its moniker) but also acts later in mitosis to permit the degradation by the 26S proteasome. This liberates the transition into the following G1 phase. At this later stage, S-phase CDKs, permitting their activation of DNA syn-APC action is destroying mitotic cyclins (Clbs) and spinthesis. A similar mechanism regulating the onset of S dle components (e.g., Ase1) that we imagine should be phase appears to operate in metazoans as well. Initiation important for the execution of anaphase, a stage where of DNA replication in extracts of Xenopus laevis eggs the APC is also active. A solution to this paradox is requires a homolog of Cdc34, probably to mediate degsuggested by the recently reported in vivo studies of radation of the Cdk2-cyclin E inhibitor Xic1 (Yew and Schwab et al. and Visintin et al.; the budding yeast APC Kirschner, 1997) .
may be directed to distinct mitotic substrate classes by In addition to intrinsic cell cycle regulation, SCF also either the WD-repeat protein Cdc20 or its homolog, appears to participate in extrinsic control of the cell Hct1/Cdh1. cycle in response to extracellular signals. In budding Cdc20 (Visintin et al.) and Hct1/Cdh1 (both groups) yeast, the CKI Far1 inhibits G1 CDKs and is required for were found to be necessary and limiting substrate-spethe cell cycle arrest in G1 caused by mating pherocific activators of APC-dependent proteolysis. Cells demones. Apparently, G1 CDKs, assisted by the SCF, can ficient for HCT1/CDH1 were viable but impaired in their antagonize the actions of the Far1 inhibitor. Phosphoryability to degrade Ase1 and mitotic cyclins. Conversely, lation of Far1 by G1 CDKs targets it for ubiquitination overexpression of HCT1/CDH1 caused Ase1 and mitotic by SCF (Henchoz et al., 1997) .
cyclins to be degraded during cell cycle phases in which In their identification of numerous F-box-containing they normally are stable. This destabilization was depenproteins, Bai et al. (1996) proposed that some may function as specificity determinants for proteins destined dent upon a functional APC. In contrast to Ase1 and protein interactions. This region of Cdc4 appears to be important for the recognition of phospho-Sic1 (Skowyra et al., 1997) . Perhaps the WD-repeats of Cdc20 and Hct1/Cdh1 are involved in the recognition of phosphorylated APC substrates. Determination of the roles of Cdc20 homologs will require the development of an in vitro APC-dependent ubiquitination system in which the Cdc20 versus Hct1/Cdh1 substrate specificity can be reproduced.
Conclusions
Control of many of the periodic events of the cell cycle can now be explained by the intertwined actions of vated by either phosphorylation or proteolysis share the capacity to be rapidly executed. Both mechanisms are therefore well-suited to promote the abrupt biochemical mitotic cyclins, the stability of the anaphase inhibitor changes characteristic of cell cycle regulation. ProteolyPds1, also an APC substrate, was unaffected by loss sis, in addition, has the advantage of irreversibility, or overexpression of HCT1/CDH1. Loss of CDC20 is which may be important for promoting unidirectional lethal and causes a cell cycle arrest prior to anaphase transitions and the biochemical remodeling of the cell. that is similar (but not identical) to loss of APC function.
It is currently not clear why two distinct mechanisms of Visintin et al. found that cells deficient for CDC20 were ubiquitin-mediated proteolysis are used to promote cell impaired in their ability to degrade the anaphase inhibicycle transitions. This should be revealed when the APCtor Pds1, but not Ase1 and mitotic cyclins. Overexpresmediated system is better understood. sion of CDC20 induced the APC-dependent degradation of Pds1 under conditions in which it is normally stable.
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Unlike the SCF situation, the mechanism of APC substrate selection and the roles of Cdc20 homologs remain to be discovered. No physical association of Cdc20 or Hct1/Cdh1 with the APC has been reported. Of possible significance is that Cdc20, Hct1/Cdh1, and Cdc4 each contain WD repeats, a motif implicated in protein-
